We used standard chemotaxis assays [15] [16] [17] (Fig. 1a ) to explore whether and how C. elegans nematodes respond to DEET. There are currently three competing hypotheses for the mechanism of DEET: "smell-and-repel" -DEET is detected by olfactory pathways that trigger avoidance 5,10,14,18 , "masking" -DEET selectively blocks olfactory pathways that mediate attraction 8-10 , and "confusant" -DEET modulates multiple olfactory sensory neurons to scramble the perception of an otherwise attractive stimulus 12,13 .
We used standard chemotaxis assays [15] [16] [17] (Fig. 1a ) to explore whether and how C. elegans nematodes respond to DEET. There are currently three competing hypotheses for the mechanism of DEET: "smell-and-repel" -DEET is detected by olfactory pathways that trigger avoidance 5,10,14,18 , "masking" -DEET selectively blocks olfactory pathways that mediate attraction 8-10 , and "confusant" -DEET modulates multiple olfactory sensory neurons to scramble the perception of an otherwise attractive stimulus 12, 13 .
To test the smell-and-repel hypothesis, we presented DEET as a volatile point source. DEET was not repellent alone ( Fig. 1b ), similar to previous results in Drosophila melanogaster flies 9 and Aedes aegypti mosquitoes 13 , but in contrast to results from Culex quinquefasciatus 19 .
To address the possibility that DEET could be masking responses to attractive odorants 8, 9 or directly inhibiting their volatility 10 , we presented DEET alongside the attractant isoamyl alcohol, both as point sources, and found that DEET had no effect on attraction (Fig. 1c ). In considering alternate ways to present DEET, we mixed low doses of DEET uniformly into the chemotaxis agar DEET (N,N-diethyl-meta-toluamide) is a synthetic chemical, identified by the United States Department of Agriculture in 1946 in a screen for repellents to protect soldiers from mosquito-borne diseases 1,2 . Since its discovery, DEET has become the world's most widely used arthropod repellent 3 , and is effective against invertebrates separated by millions of years of evolution, including biting flies 4 , honeybees 5 , ticks 6 , and land leeches 4,7 . In insects, DEET acts on the olfactory system 5,8-14 and requires the olfactory receptor co-receptor orco 9,11-13 , but its specific mechanism of action remains controversial. Here we show that the nematode Caenorhabditis elegans is sensitive to DEET, and use this genetically-tractable animal to study its mechanism of action. We found that DEET is not a volatile repellent, but interferes selectively with chemotaxis to a variety of attractant and repellent molecules. DEET increases pause lengths to disrupt chemotaxis to some odours but not others. In a forward genetic screen for DEET-resistant animals, we identified a single G protein-coupled receptor, str-217, which is expressed in a single pair of DEET-responsive chemosensory neurons, ADL. Misexpression of str-217 in another chemosensory neuron conferred strong responses to DEET. Both engineered str-217 mutants and a wild isolate of C. elegans carrying a deletion in str-217 are DEET-resistant. We found that DEET can interfere with behaviour by inducing an increase in average pause length during locomotion, and show that this increase in pausing requires both str-217 and ADL neurons. Finally, we demonstrated that ADL neurons are activated by DEET and that optogenetic activation of ADL increased average pause length. This is consistent with the "confusant" hypothesis, in which DEET is not a simple repellent but modulates multiple olfactory pathways to scramble behavioural responses 12,13 . Our results suggest a consistent motif for the effectiveness of DEET across widely divergent taxa: an effect on multiple chemosensory neurons to disrupt the pairing between odorant stimulus and behavioural response. . c, Annotated str-217 genomic locus. d, Snake plots of predicted STR-217 proteins in the indicated strains. e, Left: schematic of chromosome V in the indicated strains. Right: chemotaxis of the indicated strain (N=16-24). f, Schematic of str-217 rescue/reporter construct. g-h, Chemotaxis indices of the indicated strains (N=6-9). In b, e, and g-h each dot represents a chemotaxis index of a single population assay (50-250 animals). Data labelled with different letters indicate significant differences (mean ± s.e.m , p<0.05 ANOVA and Tukey's Post-hoc test in e, and two-sided Student's t-test in b and g-h).
genes. Reverse genetic experiments in D. melanogaster
and three mosquito species identified orco, the co-receptor for insect odorant receptor genes, as a molecular target of DEET 9,11-14 . However, this chemosensory gene family is not found outside of insects 25, 26 , raising the question of what pathways are required for DEET-sensitivity in non-insect invertebrates. To gain insights into the mechanisms of DEET repellency in C. elegans, we carried out a forward genetic screen for mutants capable of chemotaxing toward isoamyl alcohol on DEET-agar plates ( Fig. 2a ). We obtained 5 DEET-resistant animals, three of which produced offspring that consistently chemotaxed toward isoamyl alcohol on DEET-agar plates ( Fig. 2b , and data not shown). We identified candidate causal mutations in two strains using whole genome sequencing 27 , and focused on LBV003, which maps to str-217, a predicted G protein-coupled receptor ( Fig. 2c and d). In the course of mapping str-217, we discovered that a divergent strain of C. elegans isolated in Hawaii, CB4856 (Hawaiian), is naturally resistant to DEET ( Fig. 2e ). This Hawaiian strain contains a 138-base pair deletion in str-217 (str-217 HW ) that affects exons 2 and 3 and an intervening intron, leading to a mutant strain with a predicted frame shift and early stop codon ( Fig. 2c and d and Supplemental Data File 1). This is not a unique phenomenon. Using published data from the C. elegans Natural Diversity Resource (CeNDR) 28 , we discovered that 119 of 247 sequenced strains contain predicted changes in the STR-217 protein when compared to N2 wild-type (Supplemental Data File 1). One of these mutant strains shares the str-217 HW deletion and 13 have a missense mutation that introduces a stop codon after the fourth amino acid. The remaining 105 strains have one or more of 30 high-confidence non-synonymous substitutions. We further explored DEET resistance in the Hawaiian deletion by testing three near-isogenic lines with a single, homozygous genomic segment of Hawaiian chromosome V introgressed into a wild-type (Bristol N2) background 29 (Fig. 2e ). Only the ewIR74 and presented isoamyl alcohol as a point source ( Fig.   1d ). In this configuration, DEET-agar reduced chemotaxis to isoamyl alcohol in a dose-dependent manner ( Fig.  1e ). To determine if DEET has a general effect on chemotaxis, we tested three additional attractants, butanone, diacetyl, and pyrazine, as well as the volatile repellent 2-nonanone. DEET decreased attraction to butanone and avoidance of 2-nonanone, indicating that it can affect responses to both positive and negative chemosensory stimuli (Fig. 1f ). DEET also affected chemotaxis to diacetyl, but not pyrazine, which is notable because both odorants require the same primary sensory neurons, AWA ( Fig. 1f) . A similar effect is seen in D. melanogaster, where DEET can affect responses to some odours and not others, even in a single chemosensory neuron 20 .
In D. melanogaster flies and Ae. aegypti mosquitoes, DEET inhibits attraction to complex odour blends of food and host odours 21, 22 . When we provided the food odour of bacterial suspensions of OP50 E. coli to C. elegans, we found that DEET eliminated chemotaxis to this complex odour blend ( Fig. 1g ). Remarkably, supplementing bacterial odour with pyrazine, but not isoamyl alcohol, restored chemotaxis ( Fig. 1g ). To exclude the possibility that pyrazine is able to overcome the effect of DEET due to a higher effective concentration, we carried out dose-response experiments with isoamyl alcohol ( Fig. 1h ) and pyrazine ( Fig. 1i ) and found that at all concentrations tested, DEET interfered with isoamyl alcohol chemotaxis but not pyrazine chemotaxis. From these data we conclude that DEET chemosensory interference is odour-selective, and can affect both attractive and repellent stimuli.
Identifying genes required for DEET-sensation has been of interest for some time. A forward genetic screen in D. melanogaster yielded an X-linked DEET-insensitive mutant 23 , and a population genetics approach in mosquitoes identified a dominant genetic basis for DEET-insensitivity 24 , but neither study identified the underlying line contains str-217 HW and, like the parent Hawaiian strain, is DEET-resistant ( Fig. 2e ). To provide further confirmation that str-217 is required for DEET sensitivity in these strains, we generated an additional genetic tool, a rescue/ reporter plasmid that expresses both wild-type str-217 and green fluorescent protein (GFP) under control of a predicted str-217 promoter (Fig. 2f ). The LBV003 mutant strain ( Fig. 2g ) and the Hawaiian introgressed strain ewIR74 (Fig.   2h ) both showed chemotaxis on DEET-agar. The str-217 rescue/reporter construct rendered both DEET-resistant mutants fully sensitive to DEET, in that neither chemotaxed to isoamyl alcohol on DEET-agar ( Fig. 2g and h).
We next turned to the neuronal mechanism by which DEET disrupts chemotaxis in C. elegans. In insects, DEET interacts directly with chemosensory neurons and the odorant receptors that they express 9,11-14 . Isoamyl alcohol is primarily sensed by AWC chemosensory neurons 30 . To investigate if DEET modulates primary sensory detection of isoamyl alcohol, we used in vivo calcium imaging to monitor AWC odour responses in the presence and absence of DEET. AWC responded to the addition of DEET with a rapid increase in calcium that decreased to baseline over the course of 11 min of chronic DEET stimulation ( Fig. 3a ). In the presence of DEET, AWC responses to isoamyl alcohol decreased in magnitude, but there were no significant differences in AWC activity between wild-type and str-217 -/-, a predicted null str-217 mutant produced by CRISPR-Cas9 genome-editing ( Fig. 3a-c ). This suggests that AWC sensory neurons are not the primary functional target of DEET, even though they are affected by it. The polymodal nociceptive neurons ASH also responded to DEET ( Fig. 3d and   e ), but animals lacking ASH are fully DEET-sensitive ( Fig.   3f ), suggesting that these sensory neurons are also not the primary target of DEET.
To identify such neurons, we determined where str-217 is expressed by examining the str-217 rescue/reporter strain, and found GFP expression in a single pair of chemosensory neurons, called ADL ( Fig. 3g ). This was unexpected because ADL is not required for chemotaxis to isoamyl alcohol 31 , suggesting an indirect role for ADL in DEET ADL-specific rescue of str-217 rendered this mutant sensitive to DEET (Fig. 3h ). To ask if ADL neuronal function is required for DEET-sensitivity, we inhibited chemical synaptic transmission by expressing the tetanus toxin light chain in ADL 32, 33 . These animals showed the same level of DEET-resistance as str-217 mutants (Fig.   3i ), demonstrating that ADL neurons are required for DEET-sensitivity.
Since both str-217 and ADL function are required for DEET-sensitivity, we used calcium imaging to see if ADL responds to DEET, and if this requires str-217 ( Fig.   4a ). Both wild-type and str-217 -/mutants carrying a rescue plasmid, but not str-217 -/mutants, showed calcium responses to DEET, albeit with some variability in response ( Fig. 4b-d ). To exclude the possibility that DEET affects ADL indirectly by interacting with other sensory neurons that subsequently activate ADL, we measured calcium responses of ADL in genetic backgrounds that disrupt chemical synaptic transmission between neurons.
ADL neurons showed normal responses to DEET in both
unc-13 and unc-31 mutant animals, which are deficient in synaptic vesicle fusion 34 or dense-core vesicle fu-sion 35 , respectively ( Fig. 4f-h) . In control experiments, we showed that a known ADL agonist, the pheromone C9 32 , activated ADL in both wild-type, str-217 -/mutant, and rescued animals ( Fig. 4j-l ), suggesting that the str-217 -/mutation has a selective effect on ADL responses to DEET.
Since str-217 is necessary for ADL to respond to DEET, we asked if it str-217 is sufficient to confer DEET responses when heterologously expressed. When we expressed str-217 in HEK293T cells we failed to see activation by DEET (Supplemental Data File). We therefore misexpressed str-217 in another pair of C. elegans chemosensory neurons, AWB, and found that str-217 significantly increased the DEET-sensitivity of this cell Wild-type, but not str-217 -/mutants ( Fig. 5d ), showed a dramatic increase in average pause length on DEETagar. Although str-217 -/mutants are resistant to DEET compared to wild type, their chemotaxis is still reduced to some degree by DEET ( Fig. 3h ). This is evident in the end-point position of str-217 -/animals, many of which never make it to the odour source ( Fig. 5e ). Chemotaxis indices did not increase for wild-type animals when we prolonged the assays (Fig. 5f ). This indicates that there are additional effects of DEET on chemotaxis in addition to increased pause duration.
To determine if the increase in average pause length occurs only in the context of chemotaxis to isoamyl alcohol, or as a consequence of DEET alone, we tracked wild-type, str-217 -/mutant (Fig. 5g ), and ADL::Tetanus toxin (Fig. 5h ) animals on DEET-agar and solvent-agar plates with no additional odorants. Only wild-type animals had a higher average pause length on DEET-agar ( Fig. 5g-h) . Consistent with our prior observation that chemotaxis to pyrazine was unaffected by DEET, wildtype animals showed no increase in average pause length when chemotaxing to pyrazine on DEET-agar ( Fig. 5i ).
This suggests that pyrazine chemotaxis can overcome the effect of DEET on average pause length.
To test if ADL activity alone is sufficient to increase average pause length, we carried out an optogenetic experiment by expressing the light-sensitive ion channel ReaChR 36 in ADL in wild-type animals, and tracking locomotor behaviour on chemotaxis plates. We observed an increase in average pause length when ADL was activated ( Fig. 5j and k) . From these data, we conclude that ADL mediates the increase in average pause length seen on DEET-agar, and speculate that the increase in long pauses is one mechanism by which DEET interferes with chemotaxis.
In this study, we add the nematode C. elegans to known DEET-sensitive animals and uncover a new neuronal mechanism for a DEET-induced behaviour. We identify str-217 as a molecular target that is required for DEET-sensitivity in an engineered mutant and in a wild-isolate of C. elegans. This work opens up C. elegans as a system to test new repellents in vivo and also for discovery of additional genes and neurons that respond to DEET. The molecular mechanism by which the str-217 mutation renders ADL DEET-insensitive and worms DEET-resistant remains to be understood. str-217 encodes a G protein-coupled receptor with no known ligand and that is evolutionarily unrelated to DEET-sensitive odorant receptor proteins previously described in insects. Our results are consistent with the hypothesis that str-217 is a DEET receptor, or that it interacts with additional proteins to make ADL DEET-sensitive. Inter-8 A natural variant and an engineered mutation in a GPCR promote DEET resistance in C. elegans estingly, pyrazine chemotaxis is unaffected by DEET in any of our assays, consistent with our model that DEET is not a simple repellent, but a modulator of behaviour that interferes with chemotaxis to some but not all odorants.
Although str-217 has no clear orthologues outside of nematodes, the str-217-dependent mechanism of action of DEET in nematodes we have discovered is reminiscent of the "confusant" hypothesis in insects. In insects, DEET alters responses of individual olfactory sensory neurons to attractive odorants 9,12 , thereby interfering with behavioural attraction. In C. elegans, DEET inhibits attraction to some odours by activating neurons that induce competing behaviours like pausing. We speculate that its promiscuity in interacting with multiple molecules and chemosensory neurons across vast evolutionary scales is the key to the broad effectiveness of DEET. generations. Whole-genome sequencing 27 was used to map the mutations to regions containing transversions presumably introduced by the EMS, parental alleles of the N2 strain used for mutagenesis, and missing alleles of the wild-type strain OS1917 used for backcrossing 42, 43 . LBV003 mapped to a 5 Mb region on chromosome V, which was further mapped to str-217. LBV002 mapped to a 6.8 Mb region on chromosome V, which was further narrowed down to a likely candidate gene, nstp-3(ejd002). In LBV002, nstp-3(e-jd002) contains a T>G transversion of the 141 st nucleotide in the CDS, which is predicted to produce a Phe48Val substitution in this predicted sugar:proton symporter. We were unable to map the DEET-resistant mutation(s) in LBV001. ADL calcium imaging. Calcium imaging and data analysis were performed as described 44 , using single young adult hermaphrodites immobilized in a custom-fabricated 3 x 3 x 3 mm polydimethylsiloxane (PDMS) imaging chip.
str-217 heterologous expression in mammalian
GCaMP5k was expressed in ADL neurons under control of the sre-1 promoter 32 and was crossed into str-217 -/and the str-217 -/rescue strain. Imaging of unc-13 and unc-31 In Figure 4b , f, and j, all frames in 20 s before the DEET pulse were averaged and divided by the average of the frames during the 20 s DEET or C9 pulse to calculate ΔF.
In Figure 4c , g, and k, traces were bleach-corrected using a custom MATLAB script and then the 5% of frames with the lowest values were averaged to create F 0. ΔF/F 0 was calculated by (F -F 0 )/F 0 and then divided by the maximum value to obtain . ΔF/F max 46 . The average value during the stimulus 13 was calculated for each animal and plotted as a single dot in Figure 4d , h, and l. The heatmap traces in Figure 4c , g, and k were also smoothed by 5 frames, such that each data point n is the running average of n-2, n-1, n, n+1, and n+2.
AWC, ASH, and AWB calcium imaging. Calcium imaging of freely moving worms and subsequent data analysis were performed as described 46 In Figure 4n , traces were bleach corrected using a custom MATLAB script and then the 5% of frames with the lowest values were averaged to create F 0. ΔF/F 0 (%) was calculated by (F -F 0 )/F 0 46 . The heatmap traces in Figure   4n were also smoothed by 5 frames, such that each data point n is the running average of n-2, n-1, n, n+1, and n+2. Peak ΔF/F 0 (%) in Figure 4o reflects the maximum value of ΔF/F 0 (%) during the DEET pulse.
Chemotaxis tracking and analysis. 8-20 adult hermaphrodites were first transferred to an empty NGM plate and then 4-15 were transferred to an assay plate to minimize bacterial transfer. Animals were then placed in the centre on either a 0.15% DEET-agar or solvent-agar plate, and their movement was recorded for 60 min at 3 frames/s with 6.6 MP PL-B781F CMOS camera (Pix-eLINK) and Streampix software. Assays were carried out at room temperature, between 12-8pm EST, and lit from below. Worm trajectories were extracted by a custom Matlab (MathWorks) script 17 , and discontinuous tracks were then manually linked. Tracks were discarded if the animal moved less than two body lengths from its origin over the course of the 60 min trial. If an animal came within 1 cm of the isoamyl alcohol stimulus, the track was truncated to remove information from animals immobilized at the odour source because of the addition of sodium azide.
ADL optogenetic stimulation. L4 animals expressing
an Psrh-220::ReaChR 36 array or array-negative animals from the same plate were raised overnight in the dark on an NGM plate freshly seeded with 100 µL of 10X concentrated E. coli (OP50 strain) with or without 50 µM all-trans retinal (CID: 720648, Sigma-Aldrich, catalogue #R2500), which is required for ReaChR-induced activity.
The next day, adult hermaphrodites were first transferred to an empty NGM plate and then 4-15 animals were transferred to the 10 cm circular assay plate to minimize bacterial transfer. Videos were recorded for 26 min at 3 frames/s with a 1.3 MP PL-A741 camera (PixeLINK) and Streampix software. Blue light pulses were delivered with an LED (455 nm, 45 µW/mm 2 , Mightex) controlled with a custom Matlab script 17, 47 . Animals were exposed to normal light for 120 s, before exposure to 6 repetitions of blue light (10 Hz strobing) for 120 s, and 120 s of recovery (LED OFF). Worm trajectories were extracted by a custom Matlab script 47 For the analysis of optogenetic experiments, a Levene's Test identified heteroskedasticity in these data that was addressed with a boxcox translation. AWC imaging data were similarly boxcox translated and transformed to adjust for the rightward skew. All data necessary to re-create these plots are available in Supplemental Data File 1. Data, scripts to analyse these data, and all statistical analyses are available at GitHub: http://github.com/
